Efficient, stable catalysts with high selectivity for a single product are essential to making the electroreduction of CO 2 a viable route to the synthesis of industrial feedstocks and fuels. We reveal how a plasma oxidation pre-treatment can lead to an enhanced content of low-coordinated active sites which dramatically lower the overpotential and increase the activity of CO 2 electroreduction to CO. At -0.6 V vs. RHE, more than 90% Faradaic efficiency towards CO could be achieved on a pre-oxidized silver foil. While transmission electron microscopy and operando X-ray absorption spectroscopy showed that oxygen species can survive in the bulk of the catalyst during the reaction, quasi-in situ X-ray photoelectron spectroscopy showed that the surface is metallic under reaction conditions. DFT calculations show how the defect-rich surface of the plasma-oxidized silver foils in the presence of local electric fields results in a drastic decrease in the overpotential for the electroreduction of CO 2 .
of the plasma-oxidized silver foils in the presence of local electric fields results in a drastic decrease in the overpotential for the electroreduction of CO 2 .
Main Text
The electroreduction of CO 2 is a promising technology which could provide a means to synthesize alternative hydrocarbon fuels by means of consuming waste emissions. [1] However, efficient, stable, and inexpensive catalysts are still needed to electrochemically reduce CO 2 while suppressing the H 2 evolution (HER) side reaction. While gold catalysts show high activity and selectivity to CO at moderate overpotentials, [2] silver is considerably cheaper, and it can also achieve near to 100% selectivity towards CO at higher overpotential. [3] Nanostructuring the surface is one method which may improve the reactivity of Ag-based catalysts for CO 2 electroreduction. [4] For example, nanoporous silver has been shown to have improved performance in comparison to flat Ag, [4a, 5] possibly due to the enhanced binding of intermediates at low coordinated atomic sites [6] or to mesoscale transport effects.
[5b] Ag nanoparticles have also shown increased activity for CO 2 reduction to CO with decreasing particle size down to 5 nm.
[4b, 4c] Recent attention has also been paid to metal catalysts including Ag [7] which are pre-oxidized and then reduced in situ under CO 2 electroreduction conditions, which show vastly improved reactivity in comparison to unoxidized catalysts. [8] However, the mechanism causing their improved behavior is under debate. A consistent picture is still required which describes the role of subsurface oxygen and cationic metal species versus morphological surface modifications (roughening and nanostructuring) for silver catalysts.
In this study, we used plasma treatments to synthesize oxidized and highly-defective nanostructured silver catalysts for selective CO 2 electroreduction to CO at low overpotential.
Advanced in situ and operando X-ray spectroscopy measurements showed that while oxygen could survive in the bulk of the catalyst during the reaction, the near surface region of the catalyst is metallic. Using density functional theory (DFT) calculations, the enhanced activity could be assigned to the highly undercoordinated surface of the pre-oxidized catalysts, which in the presence of local electric fields can lower the overpotential for CO 2 reduction.
Nanostructured Ag catalysts were synthesized by treating Ag foils in low-pressure plasmas of H 2 , Ar, or O 2 gas. Figure 1 and Figure S2 show scanning electron microscopy (SEM) images of Ag catalysts after surface structuring with the plasma treatments. Ar or H 2 plasma introduces small, pore-like defects 50 -100 nm in size onto the surface, while O 2 plasma causes significant roughening and dense ~50 nm pores on the Ag foil. O 2 plasma followed by a further H 2 plasma treatment (O 2 + H 2 sample) results in further nanostructuring of the Ag surface. The bottom row of Figure 1 shows the samples after 1 hour of CO 2 electroreduction at -0.6V vs.
RHE. While only mild changes are apparent in the Ar treated sample, the O 2 treated samples show a drastic increase in surface roughness after the reaction, particularly for the O 2 + H 2 sample. These changes may be related to the rapid growth of Ag oxides during O 2 plasma and their subsequent reduction under reaction conditions. SEM measurements of the pre-oxidized catalysts measured after longer reaction times (3 hours) show that the surface structure continues to change over time, Figure S3 . Cross-sections of several of the samples were prepared, and scanning transmission electron microscopy -energy dispersive X-ray spectroscopy (STEM-EDS) was measured before and after the reaction in order to gain further insight into the nanostructuring and the changes in oxidation state of the catalysts caused by the plasma treatments. Figure 2a and b show the Ar plasma treated sample before reaction. Ar plasma causes pore formation not only on the surface, but also below. This pore formation is a result of the plasma treatment, and not an artifact from the sample preparation, as proved by comparison with an untreated Ag sample which shows no pore formation ( Figure S4 ). For the Ar plasma treated sample, the EDS results also indicate only 1 atomic % of O in the top 500 nm of the surface. After the reaction, Figure 2c shows that no major changes occurred to the structure and oxide content of the Ar plasma sample. In comparison, the O 2 plasma treated Ag foil before reaction is very rough and porous and has a high oxygen content. A 35-50 nm thick layer of AgO exists on the surface, while below the surface, Ag grains and regions with ~20% O atom content are present. After 1 hour reaction, the porosity increases, the surface oxide layer has lower oxygen content, and oxygen remains in the bulk of the sample (~6% O). The SEM and STEM images before and after reaction were not measured at identical locations, and so it must be considered that heterogeneities in the sample may in part explain some of the differences before and after reaction. However, we measured several regions within each sample under the different conditions via SEM, and we observed similar structures. Our results indicate that plasma treatment with atomic oxygen can heavily oxidize, roughen, and create defects on an Ag surface, and oxygen can remain in the bulk of these catalysts under the reducing conditions of CO 2 electroreduction. In order to resolve changes in the structure and oxidation state of these catalysts under reaction conditions, we measured extended X-ray absorption fine structure (EXAFS) on the plasma treated Ag catalysts during CO 2 electroreduction. The measurements were performed at a small incidence angle in order to increase the surface sensitivity. In their initial state, the Ar and H 2 plasma treated foils appear similar in EXAFS to an untreated Ag foil, i.e. in their metallic state ( Figure S6 and Table S1 ), while the O 2 and O 2 + H 2 treated samples showed Ag-Ag coordination numbers below 7 and the presence of Ag-O bonds, as shown in Figure 3 and Table   S2 . The O 2 and the O 2 + H 2 plasma samples were measured operando during CO 2 electroreduction for 1 hour at -0.6 V vs. RHE in 0.1 M KHCO 3 , Figure 3 . Impedance measurements were performed to ensure similar electrochemical conditions existed during operando measurements as during the lab-based measurements in the standard H-type cell, see
Figures S16, S17, and reduction conditions, however Figure S7 and Table S3 show that it appeared similar in structure to an untreated metallic Ag foil and that no changes could be detected over 30 minutes of reaction. In addition to these measurements, XPS data (AES region) after short CO 2 electroreduction reaction times (30 seconds, 1 minute, and 3 minutes at -0.6 V vs RHE) were measured for the O 2 plasma oxidized sample in order to gain insight in how fast the reduction of oxides occurs at the surface, as shown in Figure 4c . The Auger spectra were fit with the line shape of Ag oxide and metallic Ag reference spectra (a Ag foil oxidized for 15 minutes and a Ag(111) single crystal cleaned in situ, respectively). After 1 minute of reaction, oxides can still be detected at the surface (~9%), but not after 3 minutes of reaction. This is consistent with the sharp decrease in current observed when starting the reaction (Figure 5a ) which corresponds to the initial reduction of silver oxides. Therefore, it is expected that the active site of the reaction for these catalysts under long term operation conditions is metallic Ag. Figure S9 .
The efficiency towards CO degrades slightly after three hours of reaction on the oxidized samples, due to a slight decrease in current towards CO and a growth in the HER current, Figure   5c and d. These time-dependent changes are likely related to the change in surface structure over the course of the reaction, as seen in the SEM images ( Figure S3 ). Electrochemical surface roughness measurements also indicate that the roughness of the surface decreases by approximately half between 1 hour and 3 hours of reaction, Figure S10 and Table S4 . A decrease in the population of defects over time can therefore be correlated to the slow deactivation of the sample, indicating that sharp nanostructured features present earlier in the reaction may be the key surface sites which enhance CO 2 reduction. It should be noted that the Ar and H 2 plasma samples show higher surface roughness compared to untreated Ag (Table S4 ), but are still unable to reduce CO 2 at this potential. This means that the improved reactivity of the O 2 -plasma treated samples is not simply due to a surface area increase, but due to the intrinsic ability of the defect sites generated on these samples to reduced CO 2 to CO. To understand the effect of the oxygen plasma on the Ag samples, the reaction is studied by DFT. The reactivity is estimated by calculating the free energy differences for the reduction of CO 2 to CO in Figure 6 as a function of the CO binding energy. The volcano-like plot is constructed from multiple models of possible Ag active sites: a 111 facet, 211 step, 111 kink, 211 adatom and 111 adatom (black squares), together with Au and Cu 111 facet and 211 step (black circles). To construct the volcano-like plot, the overpotential, -ΔG, is determined as the CO 2 + H + + e − → COOH* potential dependent step on the weak binding side, while on the strong binding side, CO* to CO, which is a potential-independent step, is the reaction limiting factor. This enabled us to create the CO 2 reduction volcano, where the weak and strong binding sides of the volcano behave differently with applied potential since they are potential dependent and independent, respectively. Thus, we display the volcano with -0.6 V (red) and with 0 V vs.
RHE (blue) potential applied. The potential dependence of the two sides of the volcano is also seen in the top of the volcano, which moves to the right when -0.6 V vs. RHE potential is applied.
The 111 adatom Ag defect has the lowest overpotential to reduce CO 2 , at around -0.8 V vs. RHE (See Figure S11 for the free energy diagram). However, the oxygen plasma treated Ag samples can reduce CO 2 at -0.6 V vs. RHE. In order to determine if subsurface oxygen could further lower the overpotential, two structures with subsurface oxygen were investigated, labelled in Figure 6 as "Ag Subsurface Oxygen" (red squares at -0.6 V vs. RHE) and also shown in Figure S12 , and S13 for HER. However, as described in more detail in the Supporting Information, the results obtained from these structures deviated strongly from experimental results (e.g. further reduction beyond CO or an increase in HER was predicted but not experimentally observed), making subsurface oxygen an unlikely explanation for the low overpotential CO 2 reduction.
Further investigation of the Ag defect sites shows an increased negative dipole moment for the COOH* adsorbate (see Figure S14 ), while the CO* adsorbate dipole moment is almost constant. It should be noted that the dipole moment for the adsorbate has been isolated by subtracting the structure dipole moment. The difference in dipole moment of these two adsorbates can be utilized to tune the binding of one while keeping the other constant under the electric field. This is shown in Figure S15 , where the presence of a negative electric field enhances the COOH* binding while keeping the CO* binding constant for the Ag 111 adatom and the Ag 111 facet sites. Consistent with the magnitude of the dipole moment, the electric field effect on the Ag 111 adatom is larger than for the Ag 111 facet. Adding the electric field calculations to the volcano plot in Figure 6 (yellow points) shows that the Ag defects allow reduction of CO 2 to CO without further reduction of CO. Because the electric double layer thickness is around ~ 3 Å, the electric field effect from just the electrode is on the order of -0.2 V/Å. [9] However, pH and solvated ions can enhance the electric field effect up to -1.0 V/Å, [10] and for the Ag 111 adatom defect only an electric field of ~ -0.4 V/Å is required to enable CO 2 reduction. The oxygen plasma treated samples give a highly defective Ag surface which allows reduction of CO 2 at very low overpotentials. Over time, the decrease in surface roughness means that there will be a decrease in the number of defect sites and an increase in terrace-like sites, which will decrease the rate of CO 2 reduction and increase HER. In this study, we demonstrated the highly enhanced activity and CO selectivity of Ag catalysts synthesized through facile plasma treatments. Oxygen plasma treated Ag showed more than 90% Faradaic efficiency towards CO at -0.6 V vs. RHE, a significant improvement over metallic Ag which requires more than -0.9V vs. RHE to reduce CO 2 . TEM and operando EXAFS showed that although reduction of the oxides occurred during the first 30 min of reaction, oxygen remained in the bulk of the catalyst even after 1 hour of reaction. However, quasi-in situ XPS measurements revealed that the near surface region of the catalyst is reduced to metallic Ag under reaction conditions with the first 3 minutes. The mechanism behind the improved reactivity was unraveled by DFT calculations, which indicated that the highly defective surface created by plasma oxidation in the presence of local electric fields can lower the thermodynamic barriers allowing CO 2 reduction to CO at low overpotential. Therefore, our results reveal that a high population of stable defects is critical in creating improved and efficient Ag-based catalysts for CO 2 electroreduction. 
Experimental Methods

Synthesis
Ag catalysts were synthesized using 8 µm thick Ag foils, which were plasma treated using either 2 minutes of O 2 plasma, or 10 minutes of H 2 or Ar plasma with 20 W power and a pressure of 400 mtorr. The O 2 + H 2 sample was prepared using 2 minutes of O 2 plasma followed by 10 minutes of H 2 plasma. During the treatment, the samples were laid flat inside the plasma etcher, and after treatment, the back side of the sample was passivated using Kapton tape.
Electron Microscopy
SEM images were acquired using a Quanta 200 FEG microscope from FEI with a field emitter as electron source. A secondary electron (Everhart-Thornley) detector was used for the image acquisition. An electron acceleration voltage of 10 kV and a working distance of 10 mm were used for the measurements.
Cross-section TEM specimens were prepared using a FEI Helios 600 and a FEI Scios dual beam focused ion beam (DB-FIB) at the Center for Functional Nanomaterials (CFN),
Brookhaven National Laboratory (BNL) and Nanoscale Fabrication and Characterization Facility (NFCF), University of Pittsburgh, respectively. FIB cross section samples were prepared using 30 KeV with final polishing at 5 KeV. Spatially resolved energy dispersive X-ray spectrometer (EDS) elemental maps of the Ag foils were acquired using a FEI Talos F200X field emission gun (FEG) TEM/STEM at the Center for Functional Nanomaterials, BNL operated at 200 kV equipped with a four-quadrant 0.9-sr EDS.
X-ray Photoelectron Spectroscopy
XPS measurements were performed quasi-in situ using an electrochemical cell connected to an ultra-high vacuum (UHV) system. Figure S1 shows the experimental setup used. The glass chamber filled with pressurized argon atmosphere protects the sample from air exposure during the transfer towards the XPS system. The XPS measurements were performed using a Phoibos 100 (SPECS GmbH) analyzer with a pass energy, E pass = 13 eV, and the Al anode of a XR 50
(SPECS GmbH) X-ray source (P source = 300 W).
X-ray Absorption Spectroscopy
X-ray absorption spectroscopy was measured at beamline 10-ID-B of the Advanced Photon Source (APS) at Argonne National Laboratory (Chicago) and at the SAMBA beamline at SOLEIL (Paris). A homebuilt, three-electrode electrochemical cell was used with a Pt counter electrode and leak-free Ag/AgCl reference electrode. The plasma treated silver foils were measured in fluorescence geometry at grazing angle behind a 1 mm electrolyte layer. Operando EXAFS of the O 2 and Ar plasma treated samples were performed at APS with a Lytle detector.
Each scan took approximately 5 minutes to acquire in continuous motor mode, and spectra which were distorted by bubble formation (from CO 2 bubbling or the reaction products) in front of the sample were discarded. Operando EXAFS of the O 2 + H 2 plasma Ag sample were acquired at SOLEIL with a 35 element Ge detector, and each scan took 3 minutes. Data alignment and background removal were performed using the Athena software, and EXAFS fitting was performed using the Artemis software. [1] Theoretical EXAFS were generated using the FEFF8 code. [2] Electrochemical Characterization Instruments, Inc.) were employed as counter electrode and reference electrode, respectively.
Electrolytes were purged with CO 2 gas (99.95%) for 30 min until a pH of 6.8 was reached before the electrochemical measurements. During CO 2 electrolysis, chronoamperometry was used to reduce CO 2 at -0.6 V vs RHE for 3 h by maintaining constant CO 2 flow rate as 20 mL/min with vigorous stirring (1100 rpm). The gas phase products were injected into a gas chromatograph (Agilent 7890A online system) every 17 min during CO 2 electrolysis for detection of products.
High-performance liquid chromatography (HPLC, Shimadzu) was used to check for the presence of minor liquid products such as formate and alcohols during CO 2 reduction at -0.6 V vs RHE.
To gain insight into the electrochemical surface area or film roughness, the double layer capacitance was measured after 1 hour and 3 hours of reaction in 0.1 M HClO 4 (VWR chemicals, ACS reagent, 69.6%) between 0.3V and 0.4 V vs. RHE with several scan rates.
DFT calculations
The Cu, Au and Ag structures were created in ASE [3] , and models of the structures for the Ag defects are shown in Figure S11 right, together with a unit cell of the Ag 2 O with surface oxygens removed. For the 111 facet, 111 adatom and 211 step (441) k-points were used, and for the 211 kink and 211 adatom, (421) k-points were used. For the electronic structure calculations the projector augmented wave method [4] and the revised Perdew-Burke-Ernzerhof (RPBE) [5] functional was performed with the GPAW software. [6] Furthermore, a 0.17 grid spacing was used and all the structures were relaxed to a force below 0.05 eV/Å. To calculate the free energy diagrams, the computational hydrogen electrode was employed. [7] For thermodynamic values, the values from reference [8] were used, and the CO 2 calculated RPBE energy was corrected by 0.45 eV together with a -COH and CO* water correction of 0.25 and 0.1 eV [9] , respectively, to account for known systematic errors in their energies.
Additional Discussion iR Compensation
In order to reduce the error between measurements in the operando electrochemical cell and the H-type cell used for reactivity measurements due to their different geometries, iR compensation was carried out through electrochemical impedance spectroscopy (EIS). We checked the uncompensated resistance (R u ) in our H-type cell and operando electrochemical cell, as shown in Figure S16 . To calculate iR values, the value of the current is derived from Figure   S17 measured via linear sweep voltammetry (LSV), and calculated values are shown in Table S4 by using 85% of R u . [10] Therefore, the difference in the real potential value in the different cell systems can be considered negligible. Vigorous stirring of the electrolyte was not performed during measurements in the operando cell, which can explain why the current signal of the operando cell is lower than the H-type cell.
DFT of Ag Subsurface Oxygen Models
DFT was used to investigate the possible effects of subsurface oxygen on the reaction using two structures: An Ag 111 facet with subsurface oxygen and an Ag 2 O 111 facet with surface oxygen atoms removed, labelled in Figure 6 as "Ag Subsurface Oxygen" (red squares at -0.6 V vs. RHE). However, the Ag subsurface oxygen models are discarded due to three deviations as compared to the experiments: 1) the subsurface oxygen is highly unstable under reducing conditions, which is in agreement with the XPS results; 2) the subsurface oxygen structures bind CO* strong enough to enable further reduction beyond CO, which is seen in the subsurface data points lying to the left of the dashed black line in Figure 6 . The CO* protonation step to CHO* is shown in Figure S12 for both structures, and the further reduction of CO should be possible at the overpotential used in our experiment. However, products beyond CO are not observed in the experiments. 3) HER should be enhanced by the subsurface oxygen in a similar way as the CO 2 reduction reaction (see Figure S13 for HER), since H* binds to the ontop site opposite of the oxygen and thus scales nicely with COOH*. [11] However, the HER in the oxygen plasma samples is limited in the initial/early phase of the experiment where a higher content of oxygen in the samples is expected, which could be due to the effect of reducing oxygen. Due to these three points, it is unlikely that oxygen-deficient silver oxide or subsurface oxygen is responsible for the high performance of our plasma-oxidized Ag catalysts.
Comparison with Other Studies
Recently, much attention has been paid to metal catalysts which are pre-oxidized and then reduced in situ under CO 2 electroreduction conditions. These catalysts have been shown to have vastly improved current density and selectivity in comparison to unoxidized catalysts.
[12]
For certain systems such as oxide-derived copper [12d, 13] or tin, [12c, 14] cationic metal species, oxides, or subsurface oxygen which survive in the catalyst during the reaction have been suggested to play a key role in their improved reactivity. However, oxidation of a metal surface can also cause severe roughening and nanostructuring, as well as an increase in the fraction of low coordinated sites at grain boundaries, [15] each of which may also influence the catalytic reactivity. In a previous study from our group, plasma oxidized copper films were shown to have highly improved production of CO and C 2 H 4 and suppression of CH 4 in comparison to untreated Cu. While improvements in current density and partial suppression of CH 4 were related to the surface roughness caused by O 2 plasma, we proved that oxygen species which survive in the catalyst were responsible for lowering the overpotential for CO and C 2 H 4 . The lack of one-to-one correlation between the surface roughness and the reaction selectivity was demonstrated by comparing the selectivity of two samples initially pre-treated with O 2 -plasma but one of them subsequently exposed to a final H 2 plasma treatment. In that case, both samples ended up with analogous surface roughness, but only the one which was not exposed to atomic H displayed high selectivity for C-C coupling (C 2 H 4 production) vs. CH 4 . Our results on oxidized Cu foils are in contrast to those found here for plasma-oxidized Ag, in which no oxygen survives in the sample surface under reaction conditions (XPS), and the high population of defects on the sample surface was found to enhance the reactivity. One key different between the two metals is that Cu interacts much more strongly with oxygen and forms oxides more readily than Ag.
Therefore, under reaction conditions, Ag may not stabilize any near surface oxygen, as demonstrated by our quasi-in situ XPS, while Cu can.
Plasma-oxidation of Ag films is shown here to be a facile method to synthesize rough and defective surfaces which are highly efficient for CO 2 electroreduction and low overpotential.
Other studies have also investigated oxidized Ag films for CO 2 reduction, which were synthesized using electrochemical methods. [16] In comparison to those studies, our plasmaoxidized Ag shows lower overpotential and much higher current density for CO than those synthesized electrochemically. This is likely due to the highly facile oxidation of Ag with atomic oxygen during the plasma treatment, which results in a much thicker oxide layer, rougher surface structure, and a higher defect density. Although some studies proposed that surface oxygen species may be stable on oxidized Ag during the reaction, [16b, 17] ours is the first quasi-in situ study showing that in fact the surface of oxide-derived Ag is quickly reduced (within the first 3 minutes) under reaction conditions, Figure 4c .
Another mechanism that has been proposed to improve the reactivity of nanostructured Ag is mass transport effects in a highly porous mesostructured surface. Recently, Yoon et al.
have shown that increasing the porosity of Ag catalysts for CO 2 reduction can suppress HER while simultaneously enhancing CO 2 reduction, due to the inhibited mass transfer on the mesostructured catalysts. [18] Although mass transfer effects may play a role in enhancing the activity of our oxidized Ag, our more porous catalysts do not show a corresponding suppression of HER. Lu et al. have also investigated nanoporous Ag as an improved catalyst for CO 2 electroreduction, finding higher CO currents at -0.6 V vs. RHE. [19] Since the catalysts in their study were synthesized from the dealloying of Ag-Al, it may be possible that Al dopants remain in the catalyst, which may enhance the reactivity for CO 2 reduction. Using DFT, Lim et al. have shown that p-block dopants such as Al can lower the overpotential of CO 2 electroreduction on Ag by around -0.5 V. [20] Our results provide a comprehensive picture of the role of O 2 -plasma treatments in the generation of defects that may act as activate sites in catalytic reactions. While the plasmagenerated oxides or subsurface oxygen may remain in the bulk of our Ag catalyst during the CO 2 electrochemical reaction, the near surface region of the catalyst is reduced under reaction conditions, indicating that the active component is a roughened and highly defective metallic Ag surface. According to our DFT results, the defective metallic Ag sites in the presence of local electric fields allow low overpotential reduction of CO 2 to CO. In comparison, more closed packed Ag surfaces with few defects cannot reduce CO 2 at low overpotential. These results contrast with oxide-derived Cu catalyst for CO 2 reduction, which have been shown to contain subsurface oxygen or oxides near/at the surface during the reaction which enhance their reactivity.
[12d, 13a, 13b] However, silver has a much lower affinity for oxygen than copper, which could explain why the surface of the silver catalysts is more easily reduced during this reaction. treatments. An untreated Ag foil is also plotted for reference Table S4 . The surface roughness factor after 1 hour of reaction determined by the slopes of the total charge vs. CV scan rate. The surface roughness factors are calculated by normalizing the slopes in Fig. S6 by the fresh Ag foil, which is defined to have a roughness factor of 1. The roughness factors of the pre-oxidized foils were also measured after 3 hours of reaction. 
Roughness
